We study a type I see-saw scenario where the right-handed (RH) neutrinos, responsible for the light neutrino mass generation, lie at the electroweak scale. Under certain conditions, the strength of the charged (CC) and neutral current (NC) weak interactions of the Standard Model particles with the heavy RH neutrinos can be large enough to allow the production of the latter at the LHC, opening also the possibility of observing other low energy signatures of the new physics in the electroweak precision observables as well as in searches for rare leptonic decays or neutrinoless double beta decay. In this scenario the flavour structure of the indicated CC and NC couplings of the heavy RH neutrinos is essentially determined by the low energy neutrino parameters, leading to fairly strong correlations among the new phenomena. In particular, we show that the present bound on the µ → e + γ decay rate makes very difficult the observation of the heavy RH neutrinos at the LHC or the observation of deviations from the Standard Model predictions in the electroweak precision data. We also show that all present experimental constraints on this scenario still allow i) for an enhancement of the rate of neutrinoless double beta decay, which thus can be in the range of sensitivity of the GERDA experiment even when the light Majorana neutrinos possess a normal hierarchical mass spectrum, and ii) for the predicted µ → e+γ decay rate to be within the sensitivity range of the MEG experiment.
I. INTRODUCTION
One of the best motivated extensions of the Standard Model consists of introducing extra fermions that are singlets under the Standard Model gauge group, which we will call for definiteness right-handed (RH) neutrinos. With this particle content, the Lagrangian contains a Yukawa coupling of the RH neutrinos with the left-handed leptonic doublets and the Higgs doublet, which leads to a Dirac neutrino mass when the electroweak symmetry is spontaneously broken. Besides, it contains a Majorana mass term for the RH neutrinos, which is a priori unrelated to the electroweak symmetry breaking scale. The most popular scenario in this model consists on assuming that the RH neutrino Majorana mass scale is much larger than the electroweak symmetry breaking scale, thus naturally leading to tiny Majorana neutrino masses through the renowned see-saw mechanism [1] . Furthermore, any other low energy effect of the RH neutrinos decouples at least with their mass squared, resulting in a tiny rate for the rare leptonic decays [2] , a tiny leptonic electric dipole moment [3] and a tiny deviation of the electroweak observables from the Standard Model predictions [4] [5] [6] , in excellent agreement with presently existing experimental data.
It should be borne in mind, however, that the mass of the RH neutrinos is a free parameter which can take any value between zero and the Planck scale. An interesting possibility arises when the RH neutrinos have masses in the range O(100 ÷ 1000) GeV. If this is the case, the new particles could be produced and detected at the Large Hadron Collider (LHC), if their couplings to the Standard Model particles are sizable [7, 8] . This situation, at first sight bizarre in view of the tininess of the neutrino masses, can be realized in some well motivated scenarios, namely when lepton number is approximately conserved (see, e.g., [9] [10] [11] ). More importantly, the contributions from the new particles to the low energy phenomena are no longer suppressed, opening the possibility of finding additional low energy signatures of the new physics with experiments at the intensity frontier. Furthermore, the existence of RH neutrinos with masses in the range of (100 ÷ 1000) GeV with lepton number violating interactions can dramatically enhance the rate of neutrinoless double beta decay [12, 13] , inducing rates that could possibly be observable at GERDA [14] , even when the light neutrinos present a normal hierarchical mass spectrum.
In this paper we analyze the constraints from various experiments on the scenario where the RH neutrinos are accessible to collider searches, as well as the interrelation between the different constraints. More specifically, we will derive the constraints that follow from the present bounds on the rate of the process µ → e + γ, with a special emphasis on the relation to the neutrino mixing and oscillation parameters. We will also discuss the prospects to observe neutrinoless double beta decay in the next round of experiments, in the view of all present experimental constraints. In section 2 we discuss the formalism and define the parameter space of the theory. In sections 3 and 4 we discuss the constraints on the parameter space which arise from radiative charged lepton decays and the implications for collider searches and electroweak precision observables. In the subsequent section we perform a detailed analysis of the possible enhancement of the neutrinoless double beta decay rate due to the exchange of the heavy (RH) Majorana neutrinos. In section 6 we combine the constraints on the parameter space that we obtained in sections 3, 4 and 5. Finally, we report our conclusions.
II. PRELIMINARY REMARKS
We denote the light and heavy Majorana neutrinos with definite masses as χ i and N k , respectively. 1 The charged and neutral current weak interactions involving the light Majorana neutrinos have the form:
where (1 + η)U = U PMNS is the Pontecorvo, Maki, Nakagawa, Sakata (PMNS) neutrino mixing matrix [16] [17] [18] , U is a 3 × 3 unitary matrix which diagonalises the Majorana mass matrix of the left-handed (LH) flavour neutrinos ν L (generated by the see-saw mechanism), and the matrix η characterises the deviations from unitarity of the PMNS matrix. The elements of U PMNS are determined in experiments studying the oscillations of the flavour neutrinos and antineutrinos, ν andν , = e, µ, τ , at relatively low energies. In these experiments the initial states of the flavour neutrinos, produced in some weak process, are coherent superpositions of the states of the light massive Majorana neutrino χ i only. The states of the heavy Majorana neutrino N j are not present in the superpositions representing the initial flavour neutrino states and this leads to deviations from unitarity of the PMNS matrix. The charged current and the neutral current weak interaction couplings of the heavy Majorana neutrinos N j to the W ± and Z 0 bosons read:
Here V is the unitary matrix which diagonalises the Majorana mass matrix of the heavy RH neutrinos and the matrix R is determined by (see [15] )
N , M D and M N being the neutrino Dirac and the RH neutrino Majorana mass matrices, respectively, |M D | |M N |. The matrix η which parametrises the deviations from unitarity of the neutrino mixing matrix, can be expressed in terms of the matrix R:
It is possible to constrain the elements of the hermitian matrix η by using the existing neutrino oscillation data and data on electroweak (EW) processes [5, 6] (e.g., on W ± decays, invisible Z decays, universality tests of EW interactions). For M k ∼ > 100 GeV these constraints read [5, 6] :
The elements of the matrix RV and the masses M k of the heavy Majorana neutrinos N k should satisfy the approximate constraint on the elements of the Majorana mass matrix of the LH flavour neutrinos [19] , mass matrix M N of the RH neutrinos is not CP invariant, one can always make the eigenvalues of M N real and positive, M 1,2 > 0. For M N respecting the CP symmetry, the two real eigenvalues of M N can have the same or opposite signs (see, e.g., [26] ). With the choice M 2 > 0 we can always make (without loss of generality), M 1 can be positive or negative: M 1 > 0 and M 1 < 0. One can show, however, that we get the same results for the observables of interest to this study in the two cases. Therefore in what follows we shall work with M 1,2 > 0.
We assume that the heavy RH neutrinos N 1,2 have masses in the range M 1,2 = O(100 ÷ 1000) GeV, which makes possible, in principle, their production, e.g., at LHC. In order to be produced with observable rates at LHC, the CC and NC couplings of N 1 and N 2 in eqs. (2.3) and (2.4) have to be sufficiently large. Under this condition the existing experimental upper bounds on the neutrinoless double beta ((ββ) 0ν ) decay rate put stringent constraints on the mass spectrum of the RH neutrinos. It can be shown [15] , in particular, that in the type I see-saw scenario of interest the two heavy (RH) Majorana neutrinos N 1,2 must be almost degenerate in mass: M 2 ∼ = M 1 . If we assume that M 2 > M 1 > 0 and M 2 ≡ (1 + z)M 1 , z > 0, in order to satisfy the experimental limit on the (ββ) 0ν -decay rate, one should have z 10 −3 (10 −2 ) for M 1 ≈ 10 2 (10 3 ) GeV [15] . The charged current and the neutral current weak interaction couplings of the heavy Majorana neutrinos N j , (RV ) k , are furthermore constrained by the requirement of reproducing the correct low energy neutrino oscillation parameters after the decoupling of the heavy degrees of freedom. Remarkably, under the condition that |(RV ) k | are sufficiently large to produce observable effects of the RH neutrinos at low energies, these couplings take a very simple form [15] .
Indeed, the Dirac mass matrix M D in the case under study can be written as [27] 
wherem ≡ diag(m 1 , m 2 , m 3 ) and O is a complex orthogonal matrix. In the scheme with two heavy RH Majorana neutrinos the matrix O has the form [23] :
for NH mass spectrum (2.10) 
The O-matrix in the case of, e.g., NH spectrum can be decomposed as follows:
One can get a similar expression for the IH spectrum. The Dirac neutrino mass matrix can be decomposed accordingly as
2 Therefore, for sufficiently large ξ it is possible to compensate the huge suppression in eq. (2.9) from the tiny observed neutrino masses and the relatively light RH neutrino masses. 3 We are interested in heavy Majorana neutrino couplings to charged leptons and gauge bosons, which are large enough to produce observable low energy signatures. In the limit of "large" ξ, the matrix O in eq. (2.13) can be very well approximated by:
For NH spectrum and "large" ξ, the matrix RV takes the form:
In a different context similar expressions for the corresponding neutrino Yukawa couplings were derived in [28] in a scheme in which a successful leptogenesis can take place at T ∼ 10 7 GeV, and in [11] where a TeV scale see-saw model with approximately conserved lepton charge was proposed. In the case of IH light neutrino mass spectrum, the matrix RV is obtained by replacing m 2,3 → m 1,2 and U α2,α3 → U α1,α2 (α = e, µ, τ ) in eq. (2.15). For both types of neutrino mass spectrum, the elements of the two columns of RV in the limit of "large" ξ are related by the condition: The overall size of the couplings eq. (2.15) depends crucially on the value of the parameter ξ which has no direct physical interpretation. It proves convenient to express ξ in terms of the largest eigenvalue y of the matrix of neutrino Yukawa couplings using the relation: 17) with v = 174 GeV. In terms of y and for z 1, the heavy Majorana neutrino couplings become: 
An upper limit on the neutrino Yukawa coupling y can be derived by assuming the validity of perturbative unitarity. Indeed, the requirement of perturbative unitarity can be easily fulfilled if the see-saw parameter space satisfies the condition:
where Γ Ni is the total decay rate of the heavy Majorana neutrino N i , which in the limit M Ni v is given by the following expression:
Therefore, taking into account eqs. (2.20) and (2.22) and the condition (2.21), we get the following upper limit on the parameter y from perturbative unitarity:
The µ → e + γ decay branching ratio in the scenario under discussion is given by [29, 30] :
where α em is the fine structure constant and
The loop integration function G(x) has the form:
It is easy to verify that G(x) is a monotonic function which takes values in the interval [4/3, 10/3], with
From the definition of the matrix η, eq. (2.5), one can write the amplitude T as follows:
where
and we have assumed that the difference between M 1 and M 2 is negligibly small and used M 1 ∼ = M 2 . Using eqs. (3.4) and (2.16) we get:
Finally, using the expressions of |(RV ) µ1 | 2 and |(RV ) e1 | 2 in terms of neutrino parameters, eqs. (2.18) and (2.19), we obtain the µ → e + γ decay branching ratio for the NH and IH spectra:
Employing the standard parametrisation of the neutrino mixing matrix [25] it is not difficult to obtain expressions for the factors |U 3 + i m 2 /m 3 U 2 | 2 and |U 2 + iU 1 | 2 , = e, µ, in terms of the neutrino mixing parameters and the solar and atmospheric neutrino mass squared differences: 
where c ij ≡ cos θ ij , s ij ≡ sin θ ij , θ 12 , θ 23 and θ 13 are respectively the solar neutrino, atmospheric neutrino and the CHOOZ angles, δ is the Dirac CP violating phase and α 21 and α 31 are the two Majorana CP violating phases [31] . We show in Fig Table I ). [0, 2π] . Shown are also the current experimental upper limit on the µ → e + γ decay branching ratio [33] , B(µ → e + γ) < 1.2 × 10 −11 , as well as the prospective limit of the MEG experiment [34] , B(µ → e + γ) < 10 −13 . It is apparent from Fig. 1 that the data on the process µ → e + γ set very stringent constraints on the TeV scale see-saw mechanism. A neutrino Yukawa coupling y = 0.1 generates a rate for the µ → e + γ decay, which is ruled out by the MEGA experiment, unless the RH neutrino mass is M 1 300 GeV. Furthermore, if the MEG experiment reaches the sensitivity of 10 −13 without finding a signal, for the same Yukawa coupling y = 0.1 the RH neutrino mass should be larger than 1 TeV. More generally, for M 1 = 100 GeV (M 1 = 1 TeV) and z 1 we get the following upper limit on the product |(RV ) * µ1 (RV ) e1 | of the heavy Majorana neutrino couplings to the muon (electron) and the W ± boson and to the Z 0 boson from the current upper limit [33] on B(µ → e + γ):
where we have used eqs. (3.1) and (3.5) . This can be recast as an upper bound on the neutrino Yukawa coupling y. Taking, e.g. the best fit values of the solar and atmospheric oscillation parameters, we get:
y 0.036 (0.21) for NH with M 1 = 100 GeV (1000 GeV) and sin θ 13 = 0 , (3.13) y 0.031 (0.18) for IH with M 1 = 100 GeV (1000 GeV) and sin θ 13 = 0 , (3.14) y 0.094 (0.54) for NH with M 1 = 100 GeV (1000 GeV) and sin θ 13 = 0.2 , (3.15) y 0.16 (0.90) for IH with M 1 = 100 GeV (1000 GeV) and sin θ 13 = 0.2 .
(3.16)
The upper limit on the neutrino Yukawa coupling derived for θ 13 = 0 is reached for α 21 − α 31 π (α 21 3π) in the case of NH (IH) light neutrino mass spectrum. For sin θ 13 = 0.2, the upper limit on y is obtained for α 21 − α 31 π (α 21 π) and δ 0 (δ 0), if the neutrino masses have normal (inverted) hierarchy. A possible way to circumvent these stringent upper bounds consists in assuming a very fine cancellation between the different terms in one of the eqs. (3.8)−(3.11) for the factors |U 3 + i m 2 /m 3 U 2 | 2 and |U 2 + iU 1 | 2 , = e, µ, in the expressions (3.6) and (3.7) for B(µ → e + γ). Such a cancellation is possible in the case of NH spectrum (see also [28] In this case B(µ → e + γ) = 0 and, thus the upper bound on the Yukawa coupling y is no longer valid. Assuming the neutrino parameters have values within the corresponding present 3σ ranges reported in Table 1 , we find that the values of θ 13 implied by the condition in eq. (3.17) satisfy: tan θ 13 0.21, or sin 2 θ 13 0.043. These values are outside the 3σ interval of the experimentally allowed values of sin 2 θ 13 (see Table 1 ).
We consider next the case in which the neutrino mass spectrum is with inverted hierarchy. The first thing to notice is that the factor |U e2 + iU e1 | 2 can be rather small for sin(α 21 /2) = −1 since 2c 12 s 12 ∼ = 0.93, where we have used the best fit value of sin 2 θ 12 = 0.312. In this case we have |U e2 + iU e1 | 2 ∼ = 0.069 (0.066) for sin 2 θ 13 = 0 (0.04). Second, we show that, as in the case of normal hierarchical spectrum, it is possible to have a strong suppression of the factor |U µ2 +iU µ1 | 2 if the CHOOZ mixing angle is close to the corresponding 3σ experimental upper bound. To be more quantitative, we take sin 2 θ 12 = 1/3 and sin 2 θ 23 = 1/2. Then, expression (3.11) takes the form: 4 In all scatter plots included in our paper the neutrino observables are scanned assuming a gaussian distribution with the corresponding mean value and standard deviation reported in Table 1 . All the other (unmeasurable) see-saw parameters are selected with a flat distribution. 5 We note that the phases α 21 and α 31 enter into the expression for the neutrino mixing matrix in the form exp(iα 21 /2) and exp(iα 31 /2), respectively.
FIG. 1:
The dependence of B(µ → e + γ) on M1 in the case of NH (left panel) and IH (right panel) light neutrino mass spectrum, for i) y = 0.001 (blue •), ii) y = 0.01 (green +), and iii) y = 0.1 (red ×). The horizontal dashed line corresponds to the MEGA bound [33] , B(µ → e + γ) ≤ 1.2 × 10 −11 . The horizontal dot-dashed line corresponds to B(µ → e + γ) = 10 −13 , which is the prospective sensitivity of the MEG experiment [34] .
It is not difficult to show that, for fixed values of the phases α 21 and δ, |U µ2 + iU µ1 | 2 has a minimum for
At the minimum, using eqs. (3.18) and (3.19), we get:
We will find next for which values of the CP violating phases δ and α 21 this lower bound is equal to zero and if the resulting θ 13 , obtained from eq. (3.19) , is compatible with the existing limits from the neutrino oscillation data. We have min(|U µ2 + iU µ1 | 2 ) = 0 if the Dirac and Majorana phases δ and α 21 satisfy the following conditions: tan δ tan α21 2 = −3 and sgn(cos δ cos α21 2 ) = −sgn(sin δ sin α21 2 ). Taking cos δ > 0 (cos δ < 0) and using tan δ = −3/ tan(α 21 /2) in eq. (3.19) we get: sin θ 13 = sgn(cos δ)
The solution (3.21) is compatible with the 3σ upper limit of the CHOOZ mixing angle (see Table 1 ). In general, one can always find a viable pair of CP violating phases α 21 and δ satisfying the relations given above in order to set the r.h. ). In order to interpret the results presented in Fig. 1 , it proves convenient to use the analytic expressions of B(µ → e + γ) in terms of the low energy neutrino parameters, the neutrino Yukawa coupling and the RH neutrino mass, eqs. 
From these expressions it follows that there is a fairly strong dependence of the prediction of B(µ → e + γ) on the Majorana phases. As a result, and since there is no proposal to constrain experimentally these phases, there is uncertainty band of a factor of five for normal hierarchy and a factor of nine for inverted hierarchy, which cannot be reduced even if the neutrino masses and mixing angles were known with arbitrarily high precision.
It is not difficult to get also expressions for the double ratios R(21/31) = B(µ → e + γ)/B (τ → e + γ) and R(21/32) = B(µ → e + γ)/B (τ → µ + γ), where B (τ → e(µ) + γ) ≡ B(τ → e(µ) + γ)/B(τ → e(µ) + ν τ +ν e(µ) ), B(τ → e(µ) + γ) and B(τ → e(µ) + ν τ +ν e(µ) ) being the branching ratios of the corresponding decays. The double ratios of interest depend only on the neutrino masses and the elements of the PMNS matrix:
For the NH (IH) light neutrino mass spectrum, the range of variability at 3σ of each of the two ratios defined above is: 0.01 R(21/31) 20 (0.001 R(21/31) 300) and 5×10
R(21/32) 3 (0.04 R(21/32) 5000). 6 Thus, in the case of NH spectrum, the predicted τ → µ + γ decay branching ratio B (τ → µ + γ) in the scheme considered can be by several orders of magnitude larger than the µ → e + γ decay branching ratio, B(µ → e + γ).
IV. IMPLICATIONS FOR COLLIDER SEARCHES AND ELECTROWEAK PRECISION OBSERVABLES
Upper bounds on the couplings of RH neutrinos with SM particles can be set by analyzing lepton number conserving processes like π → ν , Z → νν and other tree-level processes involving light neutrinos in the [35] and references therein).
final state [5] . From eqs. (2.5) and (2.6), we get:
Following the same rationale as in the previous section, one can translate the upper bounds on the RH neutrino couplings from electroweak precision observables into upper bounds on the neutrino Yukawa coupling y. For this purpose we observe that an upper limit on y, which is independent on the specific values of the neutrino oscillation parameters, can be easily derived from eq. (2.20), taking into account the experimental constraints given above:
On the other hand, using eq. (2.19) and taking the best fit values of neutrino oscillation parameters, we obtain y 0.047 (0.47) for NH with M 1 = 100 GeV (1000 GeV) and sin θ 13 = 0 , (4.5) y 0.046 (0.46) for IH with M 1 = 100 GeV (1000 GeV) and sin θ 13 = 0 , (4.6) y 0.049 (0.49) for NH with M 1 = 100 GeV (1000 GeV) and sin θ 13 = 0.2 , (4.7) y 0.053 (0.53) for IH with M 1 = 100 GeV (1000 GeV) and sin θ 13 = 0.2 .
(4.8)
The results reported in eqs. (4.5) and (4.6) are obtained for α 21 − α 31 π and α 21 0, respectively. In the case of sin θ 13 = 0.2 and NH (IH) light neutrino mass spectrum, the upper bound on y corresponds to α 21 − α 31 π (α 21 0) and δ π (δ 3π/2).
The bounds for sin θ 13 = 0 are weaker than those derived in the previous section from the non-observation of the µ → e + γ decay. Thus, the existing stringent upper bound on the µ → e + γ decay rate makes very difficult the observation of deviations from the Standard Model in the electroweak precision data, predicted by the TeV scale see-saw scenario. In contrast, in the case of sin θ 13 = 0.2, the constraint from the MEGA upper bound [33] can be avoided and we get a better upper limit on y from the electroweak precision data. More precisely, we find that for M 1 = 100 (1000) GeV, the limits given in eqs. (4.1)−(4.3) provide a better constraint on the neutrino Yukawa coupling y than the upper bound on B(µ → e + γ) if sin θ 13 > 0. 10 (0.19) in the case of the NH neutrino mass spectrum, and for sin θ 13 > 0.13 (0.17) if the spectrum is of the IH type. In particular, the parameter y can have a value as large as 4π that is still compatible with the current upper limit on B(µ → e+γ) [33] . This is possible in the case of NH (IH) light neutrino mass spectrum for sufficiently large values of sin θ 13 0.22 (0.18). We note, however, that at sin θ 13 = 0.10 (0.19) (sin θ 13 = 0.13 (0.17)) for the NH (IH) spectrum and M 1 ≈ 100 (1000) GeV, we have y ∼ < 0.05 (0.5) both from the bound on B(µ → e + γ) and the electroweak data limits. This is consistent with the absolute upper limit reported in (4.4).
FIG. 2:
Correlation between |(RV )e1| and |(RV )µ1| in the case of NH (left panels) and IH (right panels) light neutrino mass spectrum, for M1 = 100 (1000) GeV, upper (lower) panels, i) y = 0.001 (blue •), ii) y = 0.01 (green +), iii) y = 0.1 (red ×) and iv) y = 1 (orange ♦). The cyan points correspond to random values of y ≤ 1. The dashed line corresponds to the MEGA bound [33] , B(µ → e + γ) ≤ 1.2 × 10 −11 . The dot-dashed line corresponds to B(µ → e + γ) = 10 −13 , which is the prospective sensitivity of the MEG experiment [34] .
These results are illustrated in Fig. 2 , where we show, for M 1 = 100 GeV (upper panels) and M 1 = 1000 GeV (lower panels), the allowed ranges of the RH neutrino couplings |(RV ) µ1 | and |(RV ) e1 |, in the case of NH (left panels) and IH (right panels) spectra. The region of the parameter space which is allowed by the electroweak precision data, eqs. (4.1) and (4.2), is indicated with solid lines; the region allowed by the current bound on the µ → e + γ decay rate is indicated with a dashed line. The projected MEG sensitivity reach is shown with a dot-dashed line. Finally, in the same figure we show a scatter plot of the points which are consistent with the 3σ allowed ranges of the neutrino oscillation parameters. This is done for four different values of the neutrino Yukawa coupling y: y = 0.001 (blue •), ii) y = 0.01 (green +), iii) y = 0.1 (red ×) and iv) y = 1 (orange ♦). The cyan points in each plot correspond to an arbitrary value of the Yukawa coupling y ≤ 1.
After imposing all the constraints on the parameter space discussed above, we find a fairly narrow band of values of |(RV ) µ1 | and |(RV ) e1 |, which is allowed by the data, more precisely, by the requirement of reproducing the correct values of the neutrino oscillation parameters and by the constraint following from the upper bound on the µ → e + γ decay rate. Interestingly, and as we have already mentioned earlier, the limits from the electroweak precision data lie essentially in the excluded (shaded) region. Therefore, in the view of the constraints from the data on the neutrino oscillation parameters and the µ → e+γ decay, the discovery of significant deviations from the Standard Model predictions in the electroweak precision observables appears highly improbable, unless a significant improvement in the precision of the data is achieved. The above conclusion will be strengthen if the MEG experiment reaches the sensitivity B(µ → eγ) ∼ 10 −13 without observing a signal.
It has been argued that present constraints from electroweak precision data allow the observation of pseudo-Dirac RH neutrinos at the LHC. More concretely, the following process with three charged lepton final state,
could be observed at the LHC with a luminosity of 13 fb −1 with a 5σ significance if the RH neutrinos have a mass of ∼ 100 GeV [8] . A discovery reach in this channel implies a coupling |(RV ) µ1 | ≈ 0.04 [8] . Taking |(RV ) µ1 | 0.04, we get from (2.18) and (2.19): y 0.04 for NH with M 1 = 100 GeV , (4.10) y 0.05 for IH with M 1 = 100 GeV .
( 4.11) which should be compared with the upper limits on y we get from the upper bound on the µ → e + γ decay rate, eqs. (3.13) and (3.14), or from electroweak precision data, eqs. (4.7) and (4.8). We find again a tension between the constraints on y obtained from the data on the µ → e + γ decay or the electroweak processes and the values of y required for the production of RH neutrinos with observable rates at colliders. This is clearly seen in Fig. 2 . As a conclusion, the presently existing data on the neutrino mixing parameters and the present experimental upper bound B(µ → e + γ) < 1.2 × 10 −11 , basically rule out the possibility of producing pseudo-Dirac neutrinos at LHC with observable rates. A similar conclusion applies to the possibility of observing deviations to the Standard Model predictions in the electroweak precision observables. An improvement of the bound on the µ → e + γ decay rate by a factor of ∼ 10 will make the observation of pseudo-Dirac neutrinos at the LHC completely impossible and the effects on the electroweak precision observables negligibly small, unless the RH neutrinos have additional (flavour-conserving) couplings to the Standard Model particles, as like in theories with extra U (1) local gauge symmetry under which the pseudo-Dirac neutrinos are charged, or the TeV scale type III see-saw scenario.
V. PREDICTIONS FOR THE (ββ)0ν -DECAY
In the scenario we are considering, the (ββ) 0ν -decay effective Majorana mass |< m >|, which controls the (ββ) 0ν -decay rate, receives a contribution from the exchange of the heavy Majorana neutrino fields N k [12] , which may be not negligible for "large" neutrino Yukawa couplings. One has, in general:
where 7 the function F (A, M k ) depends on the N k masses and the type of decaying nucleus (A, Z). For M k = (100 ÷ 1000) GeV, one can use the rather accurate approximate expression for F (A, M k ) [13] : 
This contribution, as we will show below, can be even as large as |< m > N | ∼ 0.2 (0.3) eV in the case of NH (IH) light neutrino mass spectrum. 7 Let us note that the interference between the contributions due to the light and heavy Majorana neutrino exchanges is not suppressed because both contributions are generated by the weak interaction involving currents of the same (V −A) structure. The interference term of interest would be strongly suppressed if the heavy Majorana neutrino exchange is generated by (V +A) currents [12] . 8 Note that in the approximation we use for (RV ) ek one has In Fig. 3 we show the ratio between the total effective Majorana mass |< m >| given by eq. (5.1) and the "standard" contribution due to the light Majorana neutrino exchange (see, e.g., [36, 37] 
In this plot we considered a nuclear matrix element factor f (A) corresponding to 76 Ge, although the conclusions are analogous for other nuclei. The scan of the parameter space was done in the same way as in Fig. 1, selecting just the points which are in agreement with the present experimental bound on B(µ → e + γ). In Fig. 4 we show the range of the possible values of |< m >| as function of |(RV ) e1 | for M 1 = 100 GeV and z < 10 −2 , in the case of (ββ) 0ν -decay of 76 Ge. The results of the analysis illustrated graphically in Figs. 3 and 4 demonstrate that RH neutrinos can significantly enhance the rate of (ββ) 0ν -decay, without this being in conflict with the present upper bound on the µ → e + γ decay rate. For example, |< m >| can be as large as 0.2 (0.3) eV, if z ∼ = 10 −3 (10 −2 ) and M 1 ≈ 100 (1000) GeV. In contrast, in the limit z → 0, the RH neutrinos behave as a Dirac pair and hence do not contribute to the (ββ) 0ν -decay amplitude to leading order.
Let us recall that in the scheme with two heavy Majorana neutrinos we are considering, the lightest neutrino mass is zero. This implies that for the NH and IH light neutrino mass spectra we have for the "standard" contribution to |< m >|, respectively (see, e.g., [37] ): |< m > std | ∼ < 0.005 eV and 0.01 eV ∼ < |< m > std | ∼ < 0.05 eV. Thus, if it is established that the light neutrino mass spectrum is hierarchical, a value of |< m >| > 0.05 eV would signal the presence of a contribution to |< m >| beyond the "standard" one. In the scheme considered, |< m >| can be by a factor up to ∼ 100 (∼ 10) larger than the maximal value of |< m > std | predicted in the case of NH (IH) light neutrino mass spectrum.
It should be noted also that the predicted value of |< m >| in the cases of the NH (IH) spectrum exhibits a strong dependence on the PMNS parameters and especially on the Majorana phase [31] 
e., if the "standard" contribution to |< m >| is of the same order as the contribution due to the exchange of the heavy Majorana neutrinos N 1,2 (see eq. (5.2)), |< m >| will depend also on the phase ω (see eq. (2.15)).
Finally, if for a given decaying nucleus (A 1 , Z 1 ) and certain values of the parameters of the problem there is a strong mutual compensation between the two contributions < m > std and < m > N in |< m >| and we have |< m >| |< m > std |, |< m > N |, similar cancellation will not happen, in general, for another decaying nucleus (A 2 , Z 2 ) due to the dependence of < m > N on (A, Z) [12] . In the scheme considered, in which only hierarchical light neutrino mass spectrum is possible, and in view of the planned sensitivity of the next generation of (ββ) 0ν -decay experiments, this observation has practical importance if the light neutrino mass spectrum is with inverted hierarchy. In a more general context in which the 3rd heavy Majorana neutrino is relevant for the see-saw mechanism and the light neutrino mass spectrum can be with partial hierarchy or even of the quasi-degenerate type (see, e.g., [25, 36] ), the observation made above regards both types of light neutrino mass spectrum -with normal ordering and with inverted ordering. Indeed, < m > N in the general case can be written in the form:
whereF N does not depend on A. Suppose that for a given isotope (A 1 , Z 1 ) the two terms in |< m >|, < m > std and < m > N,A1 , mutually compensate each other so that
In this case the effective Majorana mass corresponding to an isotope (A 2 , Z 2 ) will be given by:
If, e.g., the cancellation between the two terms in < m > A1 occurs for 48 Ca (for which f ( 48 Ca) ∼ = 0.033), it will not take place for e.g., 76 Ge, In the case with two heavy Majorana neutrinos we are considering and for IH light neutrino mass spectrum, the condition for an exact cancellation between < m > std and < m > N,A can be easily derived in terms of the basic parameters of the scheme. Using eqs. (2.18), (2.19), (5.1) and (5.2) we can write |< m >| as: 6) where K is given by:
If we require |< m >| 0, the factor K, which depends on the see-saw parameters y, z, ω and M 1 , is expressed only in terms of the neutrino oscillation parameters:
If the Majorana phase α 21 takes a CP-conserving value we get: 10) where η k = (−1) k . In the case of < m > A1 = 0 we obtain for |< m > A2 |:
The condition (5.8) (or (5.9) and (5.10)) for < m > A = 0 strongly constrains the phase ω and the size of K. In order to be satisfied, the condition of cancellation between < m > std and < m > N,A requires a correlation between the values of the see-saw parameters y, z, the phase ω and M 1 , and the neutrino mass |∆m 2 A | = m 2 , the solar neutrino mixing angle θ 12 and the Majorana phase α 21 . A priori, such a correlation seems highly unlikely, making the cancellation in the effective Majorana mass in the scheme considered appear unprobable. Thus, if the light neutrino mass spectrum is with inverted hierarchy, within the see-saw scheme considered with two heavy Majorana neutrinos, it appears quite unlikely that if, for example, the GERDA III experiment with 76 Ge observes a positive (ββ) 0ν -decay signal, another (ββ) 0ν -decay experiment which uses a nucleus different from 76 Ge, will not see a signal due to a strong suppression of the effective Majorana mass caused by the cancellation under discussion for that nucleus, and vice-versa.
The dependence of the interplay between < m > std and < m > N , i.e. between the contributions to |< m >| due to the exchange of light and heavy Majorana neutrinos, on z, ω and the effective Majorana phase α 21 (IH spectrum) or α 21 − α 31 (NH spectrum) is illustrated in Fig. 5 for M 1 = 100 GeV and y = 0.01. The solar and atmospheric neutrino oscillation parameters, i.e. (θ 12 , ∆m 2 ) and (θ 23 , ∆m We now combine the information on the see-saw parameter space that we obtained from the lepton flavour (µ → e + γ) and lepton number ((ββ) 0ν ) violating processes studied in the previous sections. In the simple extension of the Standard Model considered so far, i.e. with the addition of two heavy RH neutrinos N 1 and N 2 at the TeV scale, which behave as a pseudo-Dirac particle and at the same time are responsible for the generation of neutrino masses via the see-saw mechanism, a sizable (dominant) contribution of N 1 and N 2 to the (ββ) 0ν -decay rate would imply a "large" effect in the muon radiative decay rate. Indeed, if |< m >| ∼ = |< m > N |, where < m > N is given in eq. (5.2), using eqs. (3.1) and (3.5) it is easy to show that, given the splitting 10 −4 z 1 between M 1 and M 2 , |< m >| ∼ = |< m > N | can be directly related to the µ → e + γ decay branching ratio. More explicitly, we have: where r ≡ (U µ2 − i m 3 /m 2 U µ3 )/(U e2 − i m 3 /m 2 U e3 ) for the NH mass spectrum. As was pointed out earlier, the corresponding expression for the case of IH spectrum is obtained by replacing m 2,3 → m 1,2 and U α2,α3 → U α1,α2 (α = e, µ). For the NH (IH) neutrino mass spectrum one has: 0.5 |r| 30 (0.01 |r| 5). Therefore, for M 1 ≈ 100 GeV and NH spectrum, the predicted rate of the µ → e + γ decay can even be larger by up to one order of magnitude than the upper bound on B(µ → e + γ) if a positive signal in the current experiments searching for (ββ) 0ν -decay is detected, implying |< m >| ∼ 0.1 eV.
A lower bound on B(µ → e + γ) in (6.1) can be derived for both types of light neutrino mass spectrum. In the case of NH spectrum, such lower bound is within the sensitivity of the MEG experiment, provided a (ββ) 0ν -decay corresponding to |< m >| ∼ > 2 × 10 −2 eV is observed. The analytic relation between B(µ → e + γ) and |< m >| in eq. (6.1) is confirmed by the results of numerical computation, reported in Fig. 6 . The plot shows the correlation between the µ → e + γ branching ratio and the effective Majorana mass in the case of "large" couplings between the RH (pseudo-Dirac pair) neutrinos and charged leptons in the Lagrangian (2.3). The effective Majorana mass |< m >| was computed for z = 10 −3 using the general expression (5.1). The (ββ) 0ν -decay nucleus was assumed to be 76 Ge. The neutrino oscillation parameters are taken, again, within the corresponding 3σ experimental intervals reported in Table 1 Figs. 3 and 4 , where it is shown that a signal compatible with the GERDA sensitivity reach is possible, provided y 10 −3 , for both types of neutrino mass spectrum. Moreover, in the case of IH light neutrino mass spectrum, such correlation depends strongly on the value of the Majorana phase α 21 . Indeed, for M 1 ∼ = 100 (1000) GeV and y ∼ = 0.01 (0.1) we expect that the MEG experiment [34] is able to measure the µ → e + γ decay rate (see Fig. 2 ). In the case of M 1 = 100 GeV and z = 10 −3 , used to obtain Fig. 6 , we would expect, in general, positive signals to be observed in both MEG and GERDA II experiments if α 21 ∼ = 0, π; in the case of α 21 ∼ = 3π, the (ββ) 0ν and µ → e + γ decays are predicted to proceed with rates below the sensitivity of these two experiments.
We note, however, that it is not possible to get independent constraints on the degeneracy parameter z and the Majorana phase from the data on (ββ) 0ν and µ → e + γ decays. Finally, we notice also that the strong correlation exhibited in Fig. 6 is a consequence of the constraints imposed by the neutrino oscillation data on the type I see-saw parameter space in the case investigated by us.
VII. CONCLUSIONS
We have analyzed the low energy implications of a type I see-saw scenario with right-handed (RH) neutrino masses at the electroweak scale and sizable charged and neutral current weak interactions. This class of scenarios have the attractive feature that the RH neutrinos could be directly produced at the Large Hadron Collider, thus allowing to test in collider experiments the mechanism of neutrino mass generation. Furthermore, and in contrast to the high-scale see-saw mechanism, the rates for the rare leptonic decays are unsuppressed in this scenario, which opens up the possibility of detecting signatures of new physics with experiments at the intensity frontier. Present low energy data set very stringent constraints on this scenario. Namely, reproducing the small neutrino masses requires, barring cancellations, that two of the heavy RH neutrinos must form a pseudoDirac pair even in the case when there is no conserved lepton charge in the limit of zero splitting at tree level between the masses of the pair. Besides, reproducing the experimentally determined values of the low energy neutrino oscillation parameters (mixing angles and neutrino mass squared differences) fixes the weak charged current (CC) and neutral current (NC) couplings of the heavy Majorana neutrinos to the charged leptons and W ± and light neutrinos and Z 0 , (RV ) k (see eqs. (2.3) and (2.4)), up to an overall scale which can be related to the largest eigenvalue y of the matrix of neutrino Yukawa couplings. This allows to derive explicit expressions for the rates of the lepton flavour violating (LFV) charged lepton radiative decays, µ → e + γ, τ → e + γ, τ → µ + γ, in terms of the low energy (in principle measurable) neutrino mixing parameters (including the Dirac and Majorana CP violating phases), the neutrino Yukawa coupling y and the RH neutrino mass scale. Using the present constraint on the rate of the process µ → e + γ we have obtained an upper bound on the coupling y under the assumption that the RH neutrino mass scale is in the range (100 ÷ 1000) GeV. Our analysis shows that the restrictions on this scenario from the data on the neutrino mixing parameters and the upper bound on the µ → e + γ decay rate imply that the CC and NC couplings |(RV ) k | of the heavy RH Majorana neutrinos are too small to allow their production at the LHC with an observable rate. Other lepton flavour violating processes, such as µ − e conversion in nuclei, give complementary constraints on the parameter space of this model, which will be discussed elsewhere [38] .
We have also analyzed the enhancement of the rate of neutrinoless double beta ((ββ) 0ν -) decay induced by the RH neutrinos. We have shown that even after imposing the restrictions on the parameter space implied by the data on the neutrino oscillation parameters and on the LFV charged lepton radiative decays, the contribution due to the exchange of the RH neutrinos in the (ββ) 0ν -decay amplitude can substantially enhance the (ββ) 0ν -decay rate. As a consequence, the latter can be in the range of sensitivity of the GERDA experiment even when the light neutrinos possess a normal hierarchical mass spectrum. Finally, the rate of the µ → e + γ decay, generated by the exchange of the heavy RH neutrinos can naturally be within the sensitivity of the MEG experiment. Thus, the observation of (ββ) 0ν -decay in the next generation of experiments which are under preparation at present, and of the µ → e + γ decay in the MEG experiment, could be the first indirect evidence for the TeV scale type I see-saw mechanism of neutrino mass generation.
